A Fabry-Perot based sensor with two coupled hollow microspheres is presented. The sensor was fabricated using fusion splicing techniques, enabling a low-cost, highly reproducible, production. The coupling of the two microspheres gives rise to a highly sensitive strain sensor, reaching a sensitivity of 4.07 pm/µ . The allsilica composition leads to a low thermal sensitivity, making the proposed structure suitable applications in environments with varying external conditions.
INTRODUCTION
All-silica Fabry-Perot optical fiber sensors have proven to be a great solution for harsh environments measurements due to small temperature sensitivity, with all the inherent benefits to the use of optical fiber in sensors. One of the proposed solutions is the formation of spheroidal microcavities inside of the sensor. This can be achieved by using fabrication techniques that usually rely on chemical etching, 1 femtosecond laser micromachining 2 and hollow core photonic crystal fiber (HCPCF). 3 Fusion splicing based sensors emerged as an alternative to the more expensive techniques. In 2011, De-Wen Duan et al., 4 proposed a microbubble based sensor for strain measurements, achieving a 4 pm/µε sensitivity with a low thermal sensitivity of 0.9 pm/
• C. In 2014 two all-silica sensors with very different structures were published 5, 6 . One of the proposed sensors was fabricated with an air spheroidal cavity and was tested, again, for strain. 5 The sensor presented a higher sensitivity of 6 pm/µε, registering once more low thermal sensitivity. The proposed sensor by Ai Zhou et al., 6 had a very different approach. This sensor had two FP air cavities, one spheroidal cavity fusion spliced to a hollow core fiber. The sensor was tested for simultaneous measurements of strain and temperature, achieving sensitivities of 5.2 pm/µε and 1.3 pm/
• C for the air cavity and 1.1 pm/µε and 13 pm/ • C in the silica cavity, respectively. The different sensitivities allow the simultaneous determination of the measurands. An array of solid microspheres was recently proposed in the literature. 7 The proposed sensor, fabricated only through fusion splicing techniques, was tested for strain and temperature. Three different sensors were tested with arrays ranging from two to four microspheres. A maximum sensitivity of 1.59 pm/µε was achieved for the three microspheres structure. Thermal response was tested, obtaining a ∼20 pm
• C sensitivity, a value independent of the sensor structure.
In this work, a sensor based on two hollow spheroidal cavities is proposed. The sensor is fabricated by fusion splicing a SMF to a hollow core fiber and, by applying two more intense electric arcs, a hollow spheroid is formed at the tip of the sensor. Two similar structures are fusion spliced, forming an in-line transmission sensor. Two sensors with different cavity parameters are tested for strain response and temperature response was also attained. The possibility of measuring strain with low thermal sensitivity and the low cost fabrication constitutes the main advantage of the proposed sensor.
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SENSOR FABRICATION AND OPERATION PRINCIPLE

Sensor Fabrication
The sensor fabrication relies only on cleaving and fusion splicing processes, and involves three steps. The first step consisted in a standard single mode fiber (SMF) fusion spliced to a hollow core silica fiber. The electric arc, performed in a manual program (program 1), is centered on the top of the SMF. This prevents the hollow core fiber to deform or collapse with the heat, while being able to join the SMF to the hollow core fiber. This process is depicted in Fig. 1a(a) . After splicing, the tip of the fiber is cleaved as shown in Fig. 1a(b) . In the second step the microsphere is formed using a different splicing program (program 2). In this process, two electric arcs are performed at the tip of the hollow core fiber. The first arc collapses the capillary tube, resulting in a microsphere with thick silica walls (see Fig. 1a(d) ). The second electric arc results in a microsphere with thinner walls. The third step consisted in joining two sensor tips using a less powerful splicing program (program 3). The resulting structure, shown in Fig. 1 , produces a signal resultant of a four wave interference. The fusion splice program parameters are summarized in Table 1 . Arc Power * S-075 S+100 S-050 * Absolute arc-power was not possible to obtain; only relative values were attained(S being the standard value).
EXPERIMENTAL RESULTS
The interrogation system consisted in a simple transmission setup, constituted by a broadband source and an optical spectrum analyser (OSA). The optical source has a bandwidth of 100 nm, centered at 1550 nm. The transmission data was acquired with a resolution of 0.5 nm. The fabricated sensors were tested in strain and temperature responses. The spectra of the sensors tested are shown in Fig. 2 , where the respective microscope images are also presented.
Strain testing was carried out by holding one end of the sensor while the other was attached to a translation stage, with a resolution of 0.01 mm. By tracking one of the peaks of each spectrum, strain measurements were done for the two sensors. The tested sensors presented a linear response in wavelength. Sensor 1 was tested for a wider range of strain, between 0 and 2000 µ . The response of this sensor is present in Fig. 2(a) , attaining a sensitivity of 4.07±0.09 pm/µ . Sensor 2 was tested for a narrower range of 400 µ to prevent the sensors from fracture in the joining position. The sensors response is shown in Fig. 2(b) Experimental Results -Sensor 1 Linear Fit
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Strain (µs) linear behaviour with a sensitivity of 2.91±0.06 pm/µ . The achieved result is around 10 times lower than the reported in literature, 7 where an array of all-silica microspheres were proposed. The reported sensors achieved sensitivities of ∼20 pm/
• C for all the different structures proposed. In the present case, the cavities are less sensitive to thermal variations since the proposed sensor is composed by two air cavities, against the all silica structure proposed in Ref. 
CONCLUSIONS
To summarize, two sensors with two hollow microspheres were fabricated using only fusion splicing techniques. The produced sensors are an all-silica, fusion splice based sensors. The easy and fast production process makes this solution easily reproducible. Strain response was acquired showing a linear response, and highly sensitive for the tested sensors. The maximum strain sensitivity of 4.07 pm/µ was achieved. This maximum sensitivity is more than four times the maximum sensitivity obtained previously for a two microspheres structure proposed Wavelength Shift Linear Fit Ref. [7] # _f___.
--1--a- in the literature. The proposed sensor is also a robust solution since the high strain application did not modified the sensor structure. Thermal response was, likewise, attained for one of the sensors. The tested sensor showed a linear tendency, with a sensitivity of 2.1 pm/ • C. The low thermal sensitivity is due to the sensor configuration and can be an advantage over thermal sensitive sensors for applications in harsh environments. When compared to one microsphere structures, this new design allows the application in strain or curvature measurements due to its inline configuration.
